African Americans have an increased incidence of end-stage renal disease and are characterized as having reduced bioavailability of nitric oxide and salt-sensitivity. We propose that endothelial nitric oxide synthase (eNOS) knockout mice (eNOS À/À ) are a suitable model of hypertension-associated renal injury as seen in African Americans. Therefore, the purpose of this study was to determine whether older eNOS À/À mice have hypertension-associated renal injury and if dietary salt modulates this injury. Six-month-old eNOS À/À mice were placed on 0.12%, 0.45% or 8% NaCl diet for 8 weeks and blood pressure measured weekly; kidneys were collected for pathology evaluation and scoring at the end of the 8-week period. Mice deficient of eNOS were hypertensive at baseline compared with control mice in all three groups (128±3 vs. 112 ± 3, Po0.05). Blood pressure was significantly elevated from baseline in eNOS À/À on 0.45 and 8% salt diets (Po0.02). The composite renal pathology scores for eNOS À/À mice were significantly greater than wild-type mice, indicating high salt intake exacerbates the injury (Po0.001 vs. normal salt diet). eNOS À/À mice may be used as a model of salt-induced and hypertension-associated renal injury as seen in African Americans.
INTRODUCTION
African Americans experience a 3-17-fold (depending on type and number of risk factors present) greater likelihood of developing end-stage renal disease as compared with other populations. [1] [2] [3] One distinguishing characteristic of this population that might account for this disparity is reduced nitric oxide bioavailability. [4] [5] [6] Nitric oxide deficiency within the kidney causes increased renal resistance and acceleration of renal injury. 7, 8 Interestingly, African Americans are reported to have increased renal vascular resistance with accompanying decrease in renal blood flow. 9, 10 The renal injury observed in this population includes glomerulosclerosis, tubular atrophy, arteriosclerosis and interstitial fibrosis. 11 Also of interest is the finding that B75% of hypertensive African Americans are characterized as salt-sensitive, [1] [2] [3] suggesting that salt may contribute to the disparate pathophysiology of tissue organ damage associated with hypertension in this population. We and others have shown that increased salt may be 'toxic,' contributing to cardiac and renal tissue injury under certain conditions; [12] [13] [14] some of these conditions may include states of nitric oxide deficiency. 12, 14 Recent evidence reveals that salt inhibits nitric oxide synthase (NOS) activity and expression; 15, 16 increased extracellular sodium dosedependently inhibits NOS activity in cultured endothelial cells. 15 In addition, studies show that salt inhibits brain nNOS expression and increases sympathetic output in uninephrectomized male rats given 1% saline. 16 Thus, available evidence indicates that nitric oxide deficiency has both a permissive as well as an initiator function in the injurious effects of salt. Therefore, in this study we used 8-9-month-old endothelial knockout mice (eNOS À/À ) to (1) characterize hypertensive-associated renal injury in NO deficiency and (2) determine whether salt aggravates the renal injury associated with this model of hypertension.
METHODS Animals
Breeding pair stocks for eNOS knockout mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA; stock # 002684) and Dr Paul Huang (Massachusetts General Hospital, Boston, MA, USA). Both were bred onto the background of the C57BL/6 wild-type (WT) control strain, thus the C57BL/6, purchased from Jackson Laboratory, served as the control mouse strain. All animals were maintained on regular rodent chow. Mice were entered into the study at 6 months of age. Systolic blood pressure was measured using the tail-cuff method (Visitech 2000, Visitech Systems, Apex, NC, USA).
Protocol
WT and eNOS knockout mice were divided into three treatment groups. Group I mice were placed on a low salt diet (0.12% NaCl; Harlan Teklad, Madison, WI, USA; cat. no. T7034), Group II mice were remained on a control regular salt diet (0.4% NaCl, LabDiet, Richmond, IN, USA; cat. no. 5001), and Group III mice were given a high salt diet (8% NaCl, Harlan Teklad, cat. no. TD92012); dietary interventions were for 8 weeks. Low and high salt diets were initiated in Groups I and III, respectively, once basal tail-cuff systolic blood pressures were obtained. Mice on control diets remained on this diet throughout the basal and experimental periods. Weekly blood pressures were taken throughout the 8-week study period. All experiments were performed following protocols that were approved by the Institutional Animal Care and Use Committee.
Tail-cuff blood pressure measurements
Mice tail-cuff blood pressures were measured using the BP2000 instrument (Visitech Systems). Mice were trained 1-2 weeks before beginning blood pressure measurements. The mice were kept in restrainers during measurements, and these were magnetically held in place on a heated (37 1C) platform. The cuff was gradually inflated, and systolic pressure was determined as that pressure when flow ceases as detected by a sensor.
Histology preparation
At the end of the diet regimen, the animals were anesthetized with pentobarbital or isofluorane for tissue perfusion. Phosphate-buffered saline (pH 7.4) was perfused through the heart to flush the blood from the tissues (an incision of the liver provided a route for blood drainage). Finally, 5 ml of 10% buffered formalin (Fisher) was perfused through the heart for fixation of tissues. The kidneys were harvested for weighing and routinely processed for histologic evaluation (Histotechniques, Powell, OH, USA). Kidney sections were stained with periodic acid-Schiff. Hearts were collected and weighed for calculation of heart to body weight ratios.
Pathology scoring
Sections of kidney from eNOS À/À and WT mice were analyzed by a veterinary pathologist without any identifying information. Renal injury was divided into five categories: glomerular damage, tubular damage, interstitial inflammation, perivascular inflammation and vascular changes. Each category was scored for distribution or extent of damage based on the following scale: (1) focal, (2) multifocal and (3) diffuse or global change. In addition, each category was scored for the degree or grade of injury present using the following scale: 0¼no injury present, 1¼mild, 2¼moderate, 3¼moderate and 4¼severe. Glomeruli were evaluated for the presence of fibrosis, cellularity, sclerosis and thrombosis; interstitial injury included the presence of lymphocytes, neutrophils, plasma cells and macrophages; tubular damage was defined as the presence of protein casts; perivascular inflammatory injury was defined as the presence of inflammatory cells including lymphocytes, plasma cells, neutrophils and macrophages; and in blood vessels, vascular injury was defined as medial hypertrophy and/or intimal proliferation. For each category of renal injury, the sum of the injury scores for each histopathologic change observed was multiplied by the distribution score, resulting in a composite renal pathology score for each animal. Therefore, the renal pathology score represented the product of grade (intensity) and extent of injury.
Statistical analysis
Blood pressure time course data were analyzed by two-way analysis of variance (2-ANOVA), whereas blood pressure single point multiple group analysis was performed by one-way analysis of variance (1-ANOVA) followed by Duncan's multiple comparison. t-Test or rank sum (for non-parametric data) analysis was used for basal and end-point comparisons. An among-group pathology comparison was made using 1-ANOVA followed by Student's Newman-Keuls (parametric analysis) or Dunn's (non-parametric analysis) multiple comparison test.
RESULTS

Blood pressure
All animals remained relatively healthy as indicated by body weight increases over the duration of the study (Table 1) . As shown in Figure 1 , all three groups of eNOS À/À mice had significantly higher baseline systolic blood pressures as compared with WT control mice. This pressure difference persisted throughout the 8-week study period. Interestingly, systolic blood pressure in eNOS À/À mice on control and high salt diets was significantly higher than the starting baseline blood pressure at week 8 of the diets (0.45%: 129±4 vs. 145±4, P¼0.004; 8%: 120 ± 2 vs. 135 ± 5, P¼0.017) (Table 1) ; however, blood pressure was unchanged in eNOS À/À on a low salt diet. Blood pressure in WT was unchanged from baseline over the 8-week period in all three diet groups.
Heart and kidney weights As cardiac hypertrophy is frequently associated with hypertension, we also examined the 8-month-old eNOS À/À transgenic mice for cardiac hypertrophy (assessed as tissue weight to body weight ratios). Indeed, we observed increased cardiac weight/body weight ratios in eNOS À/À relative to WT control mice in all three diet groups ( Figure 2 , top panel). Although salt had no effect on the increased heart weight associated with hypertension in the eNOS À/À mice, there was a dosedependent effect of salt on cardiac weight in WT mice with high salt causing a significant increase in cardiac size relative to the low salt group (Po0.01 vs. low salt treatment; 1-ANOVA and NewmanKeuls). Dietary salt had no effect on kidney size in either eNOS À/À or WT (Figure 2 , bottom panel). Figure 3 shows the representative renal histopathology observed in eNOS À/À mice on control (panels a-c) and high (panels d-f) salt diet. There was significant glomeruli injury consisting of thrombosis, fibrosis and necrosis observed in eNOS À/À fed the control salt diet (0.45%). In Figure 3a , an example of an enlarged and fibrotic glomerulus is shown.
Renal pathology
Interstitial inflammation was also a feature of the injury observed (see Figure 3b ). Mild perivascular cellular infiltration (inflammation) was another prominent feature of the injury seen in eNOS knockout mice fed the control diet ( Figure 3b ). The walls of small renal arteries Table 1 Effect of salt diets on systolic blood pressure and body weights were often thickened and had an 'onion-skin' appearance, indicating moderate-to-severe medial thickening and smooth muscle cell proliferation. 17, 18 The lumens of renal tubules were often distended by deeply eosinophilic protein casts (Figure 3c ). Similar, albeit, more severe and extensive renal injury involving glomeruli, tubules and small blood vessels was observed in eNOS À/À mice fed the high salt diet (Figures 3d-f) . The renal tubules in eNOS À/À mice on a high salt diet contained significantly more protein casts than eNOS À/À fed control salt diet (Figure 3f ). In addition, there was extensive perivascular ( Figure 3e ) and interstitial inflammation observed throughout the kidneys of eNOS À/À mice fed a high salt diet (Figures 3e and f) . In contrast, there was no change in the histology of glomeruli, tubules, interstitium or blood vessels in WT mice fed control (0.45% NaCl) or low (0.12% NaCl) and high (8% NaCl) salt diets. Evidence of normal appearing glomeruli, tubules, interstitium and blood vessels is shown in Figures 3g-i .
Finally, the effect of dietary salt on the development of renal injury in WT and eNOS À/À mice is summarized in Table 2 . Regardless of dietary salt level, pathology scores for glomerular injury and interstitial and perivascular inflammation were significantly higher in eNOS À/À mice than WT mice fed a similar dietary regimen. In eNOS À/À mice, pathology scores for each category of renal injury were highest in mice fed the high salt diet; interestingly, only tubular injury was statistically significant from that of eNOS À/À on control salt diet ( 
DISCUSSION
This study shows that knocking out eNOS promotes renal injury and that high salt exacerbates this renal injury in eNOS À/À knockout mice. This is an important observation and the first documentation of the effect of dietary salt on renal injury in this mouse model of hypertension. In addition, cardiac hypertrophy, as indicated by increased heart weight/body weight ratio, was associated with the hypertension seen in this model of hypertension. However, cardiac hypertrophy was not modulated by dietary salt in eNOS À/À mice, whereas there was a dose-dependent effect of salt on cardiac hypertrophy seen in WT mice.
The older, 8-month-old, eNOS À/À mice on a low salt diet were clearly hypertensive compared with their WT counterparts at baseline and the systolic blood pressure did not change over the 2-month low salt diet intervention (Figure 1) . However, over the 2-month time course on a high salt diet, blood pressure increased from 120±2 at baseline to 148 ± 5 mm Hg by the end of the study, a 28 mm Hg increase ( Figure 1 , bottom panel; Po0.05). We observed a similar blood pressure increase in eNOS À/À mice on a normal salt diet in this strain (Figure 1, middle panel) . The reason for the initial spike observed in the eNOS À/À groups on control and high salt diets 1 week after baseline measurements is not clear. There was a drop after the first week but blood pressure remained above baseline for the remainder of the study period in both the normal and high salt diet groups. It is not clear why blood pressure increased during the first week, although it is unlikely due to acclimation to the tail-cuff blood pressure measurement as all mice were exposed to a 1-2-week training period. The rise may have been due to some undetected environmental stressor. Leonard et al. 19 have also reported similar time course effects of high dietary salt on blood pressure in eNOS À/À mice. They show an early peak at 2 weeks followed by a sustained increase throughout the remainder of the 6-week time period. The results from the normal salt group suggest that a normal salt diet may still be an inappropriately high salt diet in the absence of eNOS, perhaps eNOS À/À may represent a type of saltsensitive model of hypertension. Such an interpretation is consistent with earlier reports implicating a role of nitric oxide in the development of salt-sensitive hypertension. Specifically, salt-sensitive rats have Figure 1 Time course effect of low salt (0.12% NaCl, top panel), normal salt (0.45% NaCl, middle panel) and high salt (8% NaCl, bottom panel) on systolic blood pressure in wild-type (J, WT) and eNOS knockout (, eNOS À/À ) mice over a period of 8 weeks.
Salt and target-organ damage in eNOS deficiency G Daumerie et al impaired nitric oxide and cGMP synthesis following a high salt diet compared with control rats, whereas inhibition of NOS conveys saltsensitive hypertension. [20] [21] [22] [23] Recent studies have shown that the mechanism of this salt effect on NO levels may be due to direct effects of sodium on endothelial cell NOS; Li et al. 15 showed that extracellular sodium produces a dose-dependent inhibition of NOS activity in bovine endothelial cells. Other studies suggest that the resulting reduction in NO leads to an imbalance between NO and superoxide production. 24 A major focus of this study was to determine whether renal injury is associated with the hypertension in eNOS À/À mice and determine whether high dietary salt exacerbates the hypertension-associated renal injury. The rationale was that this model could be useful in the study of hypertension-associated renal injury as seen in African Americans as African Americans are characterized by significantly reduced bioavailable NO. 1, 25 In addition to impaired NO, African Americans have significant hypertension-associated renal injury 6, 26, 27 and tend to be salt-sensitive. 28 Characteristics of the renal pathology observed in African Americans includes increased renal vasoconstriction, perhaps due to the eNOS 894T and ACE deletion polymorphisms. 8, 10 Histological examination of biopsied kidneys from hypertensive African Americans reveal focal glomerulosclerosis, contracted glomeruli, cortical fibrosis, tubular atrophy, interstitial inflammation and arteriosclerosis. 11, 29, 30 Although early studies of eNOS À/À found no evidence of renal injury, 31 subsequent studies using older mice reveal focal renal injury. 32 Furthermore, renal injury usually associated with remnant kidney model of hypertension or diabetes is exacerbated in eNOS À/À mice. 7, 33 In this study, we observe similar renal injury characteristics in this model as reported for African Americans, including glomerulosclerosis, fibrosis, interstitial inflammation and arteriosclerosis.
Because of the proclivity of African Americans for salt-sensitivity and the independent effect of salt on tissue injury, we also examined the effect of salt on blood pressure and renal injury in this NO-deficient model of hypertension. We observed that dietary salt significantly modulated the extent of tubular casts. Although not statistically significant, glomerular injury tended to increase as dietary salt intake increased. The inflammation seen in this model was not altered by dietary salt; however, it is interesting to note that perivascular inflammation tended to be greater under both low and high salt conditions. In addition, the renal pathological scores were unaffected by dietary interventions in the WT, normotensive control mice. These findings suggest that prolonged exposure to hypertension in this mouse model is associated with significant renal injury. Although a high salt diet aggravates the injury, a low salt diet may protect against hypertension and tissue injury associated with hypertension in the setting of NO deficiency. There was no evidence of renal hypertrophy in either control or eNOS À/À mice; unlike what has been reported for the L-NAME-induced hypertension model. 34 Absence of kidney hypertrophy in similar aged eNOS À/À mice has been reported by others; 33 indeed kidneys of eNOS À/À were found to be smaller than age-matched C57/129sv mice on regular salt diet. We observed a similar trend in eNOS À/À on regular salt diet compared with C57. This difference may simply be due to differences in the genetic background on which the mice were bred or it may reflect the degree of glomerulosclerosis and nephron loss. Hartner et al. 35 showed strain differences in blood pressure and renal injury response to DOCA salt administration; C57 mice were more resistant to DOCA salt, exhibiting lower blood pressure, interstitial fibrosis and renal glomerulosclerosis than 129sv. However, kidney weights were comparable after the DOCA salt administration.
Earlier examination of renal histology of 14-week-old eNOS À/À mice revealed no obvious histological differences from that of WT. 36 The effect of sustained hypertension on renal injury in eNOS À/À mice, however, has been less well characterized. In this study, we show that there is significant renal injury at 8 months of age in mice lacking the eNOS gene. In eNOS-deficient mice on normal rat chow, we observed enlarged and collapsed glomeruli, fibrotic glomeruli, tubular casts, interstitial and perivascular inflammation and less frequently or prominently, arterial wall thickening; similar abnormalities also have been reported by others. 32 Chronic nitric oxide inhibition models of hypertension exhibit a similar degree of renal injury with the major features being enlarged and collapsed glomeruli. 37, 38 Other histological findings in NO inhibition models of hypertension include capillary thrombi and sclerosis, arteriolar fibrosis and vessel wall thickening proliferation providing an onion-skin appearance to the arteriole walls. 17, 18 Thus, this mouse model of hypertension appears to be comparable to the pharmacologic NO inhibition in other models.
As with renal injury, cardiac hypertrophy in eNOS À/À mice is variably reported. Several groups failed to detect cardiac hypertrophy in eNOS À/À mice; 31, 36, 39, 40 however, we report significant cardiac hypertrophy in our eNOS À/À mice. We used two eNOS À/À stocks, Figure 2 Cardiac (top panel) and renal (bottom panel) hypertrophy in wildtype (WT) and eNOS knockout (eNOS À/À ) mice following 8 weeks on low salt (0.12% NaCl), normal salt (0.45% NaCl) and high salt (8% NaCl) diets. Number of animals for each is displayed in parentheses. *Po0.002 vs. low salt and **Po0.01 vs. WT.
Salt and target-organ damage in eNOS deficiency G Daumerie et al obtained from Jackson Laboratory and Dr Paul Huang 31 ; (Boston, MA, USA), and did not detect any difference in blood pressure or hypertrophy response between the two breeding stocks. The reason for this apparent discrepancy in cardiac hypertrophy reporting is not known but the use of younger aged animals or background strain differences may explain the failure to observe cardiac hypertrophy in earlier studies. In this study, we used 6-month-old mice bred on a C57 background; consequently, the mice were 8 months old at the time of measurement, an age comparable to middle age in humans. Babikat and colleagues also studied 6-8-month-old eNOS À/À with comparable systolic blood pressures as in our study, and found modest but statistically insignificant hypertrophy at this age. However, the mice used in that study were bred on a mixed background (C57/129sv). This discrepancy cannot be simply explained by differences in control dietary salt levels, as Babikat and colleagues used chow containing 0.6% NaCl and a chow containing 0.45% NaCl was used in our study. However, it is important to note that Yang et al. 41 have reported left ventricular hypertrophy in 12-week-old eNOS À/À mice also bred on a mixed background of C57/129sv, a finding consistent with our study. It is not clear why the presence of cardiac hypertrophy is so variable in this model; however, despite this variability, these studies, taken together, suggest that sustained hypertension in eNOS À/À can produce cardiac hypertrophy. We also examined the effect of low and high salt diets on cardiac hypertrophy. We found a dose-dependent effect of salt on cardiac hypertrophy in the WT; however, we did not find such an effect in the eNOS À/À mice. The 'toxic' effect of salt on organ damage independent of blood pressure has been reported earlier. [42] [43] [44] [45] [46] This effect of salt on cardiac mass is seen in animals and humans. 44, [47] [48] [49] [50] Thus, our cardiac hypertrophy response to salt in the WT is consistent with earlier findings of hypertrophy in the absence of hypertension. The dose-dependent effect of salt on cardiac hypertrophy in WT suggests that eNOS mediates the hypertrophic effect of salt. Endothelial NOS expression has been shown to be increased with high salt diet. 51, 52 The increased eNOS may become uncoupled, leading to more superoxide production as compared with NO; the increased oxidative stress then contributes to the development of cardiac hypertrophy. 52 On the other hand, the failure to see an effect of salt in eNOS À/À may be explained as a result of maximal cardiac hypertrophy expressed in eNOS À/À mice in the absence of a high salt diet. Thus, cardiac hypertrophy cannot be further increased with high salt. The existing hypertrophy before increased dietary salt may be mediated by the lack of eNOS. Evidence to support this interpretation include the finding that salt decreases eNOS expression in heart, kidney and aorta. 53, 54 Of particular interest is the finding that blockade of endothelin prevents the hypertensive effect of high salt in obese rats but did not prevent the hypertrophy or accompanying decrease in eNOS expression. 54 Thus, reduced eNOS may promote salt-induced hypertrophy. In both scenarios, the mechanism of salt-induced tissue injury may be mediated through oxidative stress. 12, 24, 55 There was no evidence of renal hypertrophy in either control or eNOS À/À mice, in contrast to what has been reported for the L-NAME-induced hypertension model. 34 The absence of kidney hypertrophy in similar aged eNOS À/À mice has been reported by others; 33 indeed kidneys of eNOS À/À were found to be smaller than age-matched C57/129sv mice on regular salt diet. We observed a similar trend in eNOS À/À on regular salt diet compared with C57. This difference may simply be due to differences in the genetic background on which the mice were bred. Hartner et al. 35 showed strain differences in blood pressure and renal injury response to DOCA salt administration; C57 mice were more resistant to DOCA salt, exhibiting lower blood pressure, interstitial fibrosis and renal glomerulosclerosis than 129sv. However, kidney weights were comparable after the DOCA salt administration.
In summary, prolonged hypertension in eNOS-deficient mice is associated with renal injury that is aggravated by a high salt diet. The renal injury hallmark characteristics were similar to that observed in hypertensive African Americans. This renal pathology response to a high salt diet is associated with an increase in systolic blood pressure. Therefore, these observations suggest that this model may be useful for studying hypertension-associated renal injury that is observed in African Americans.
